We have fabricated atomic-scale metal wires with quantized conductance in electrolytes and studied double layer charging, anionic adsorption and surface stress effects on the quantum transport in the wires. In the double layer charging regime, the conductance changes linearly with the potential, which can be attributed to a change in the amount of electron spill-out of the wire. A large change in the potential results in a substantial stress in the wires, causing atoms in the wires to rearrange. Upon anionic adsorption, the conductance decreases due to the scattering of conduction electrons by the adsorbed anions. #
Introduction
Nanostructured materials and devices are interesting not only because they promise various new applications, but also because they exhibit novel quantum phenomena. An interesting example is conductance quantization, which occurs in a semiconductor or metal wire connected between two macroscopic electrodes when the following two conditions are satisfied. First, the wire must be shorter than the electron mean free path so that electrons transport ballistically along the wire. Second, the wire diameter must be comparable to the electron wavelength to allow electrons to form standing waves (quantum modes) in the transverse direction of the wire. When the two conditions are met, the conductance of the system, defined as the ratio of the current (I) to the voltage (V), is, [1] 
where G 0 0/2e 2 /h and N is the number of quantum modes in the wire. For an ideal wire (e.g. Au), the transmission probability, T n 0/1, and the conductance is quantized and given by G0/NG 0 , where N, the number of quantum modes, is determined by the diameter of the wire. However, recent experimental evidence shows that T i depends on the chemical valence of the metal and may deviate significantly from 1, so each quantum step may not be exactly 1G 0 [2] . This phenomenon was first observed in experiments in semiconductor devices, where the electron mean free path is many mm, and the electron wavelength is Â/40 nm, much larger than the atomic scale [3, 4] . The relative large wavelength made it possible to fabricate the required nanowires using conventional nanofabrication techniques, but it leads to a small energy difference between the quantum modes, which means a pronounced conductance quantization in the semiconductor devices occurs only at liquid helium temperature. For a typical metal (e.g. Au), the electron wavelength is only a few Å , so it does not require low temperature to observe the phenomenon but the wires must be atomically thin. A number of techniques have been developed to fabricate atomically thin metal wires that exhibit the conductance quantization, but they fall into two categories. One is a mechanical approach, which forms a nanowire by separating two electrodes from contact [5 Á/ 7]. During the separation, a metal neck is formed between the two electrodes and then stretched into an atomically thin wire with quantized conductance before it is completely broken. The second method, developed by us recently, is to electrochemically fabricate the wires [8, 9] . Recent transmission electron microscopy has directly confirmed that a metal wire with quantized conductance consists of a string of a few metal atoms [10, 11] . We note that the metallic nanowires described here are also sometimes called quantum wires or quantum point contacts.
In a semiconductor nanowire or quantum point contact, the width and the electron density of the nanowire can be controlled flexibly with gate electrodes. This flexibility, unfortunately, does not exist for metallic nanowires in vacuum or in air. In electrolytes, however, we can control the potential of a metallic nanowire in a fashion similar to the gate voltage. By controlling the potential, we have studied various processes, such as double layer charging, potential-induced stress, ionic and molecular adsorption, taking place on the wires. The goal of the present paper is to discuss the effects of these processes on the conductance of the wires (Fig. 1 ).
Double layer charging
We studied double layer charging effects using NaClO 4 , KClO 4 and NaF solutions as electrolytes because the cations and the anions in these electrolytes adsorb weakly onto Au surfaces within the studied potential window. We first formed a nanowire with conductance stabilized at a certain quantum step while holding the potential (DC level) of the wire at a given value [12] . We then modulated the potential (AC) and monitored consequent change in the conductance. This AC technique removed various noises including mechanical drift in a similar way to a lock-in amplifier. Fig.  2 shows a typical measurement on nanowires with conductance quantized near 1G 0 in 0.5 M NaClO 4 . For a 0.05 V (amplitude) potential modulation, although the typical induced conductance modulation is about 3%, it varies between 0 and 8% from wire to wire. We believe that this variation reflects different atomic configurations of the wires (although with similar conductance) [13] . In contrast, the phase shift between the induced conductance modulation and the applied potential modulation is always close to 1808, meaning that an increase in the potential always results in a decrease in the conductance. We note that, in principle, the AC modulation can also induce an electrochemical current between the tip and substrate electrodes, superimposed on the direct electron conduction current through the nanowire. However, in the present experiment, the electrochemical current due to ionic conduction is on the order of pA, which is much smaller than the direct conduction ( Â/mA).
We determined DG/G, the ratio of the conductance modulation to the conductance, for nanowires at various conductance steps. DG/G decreases as the conductance and a broad dip near 1G 0 is also apparent Fig. 1 . An atomically thin Au wire is suspended between two Au electrodes. The potentials of the two electrodes, E1 and E2, are controlled relative to a reference electrode with a bipotentiostat. The bias voltage across the wire, E1 Á/E2, is fixed at 40 mV during the experiment. ( Fig. 2a ). Although the broad dip is not as pronounced as the 1G 0 peak in the conductance histogram (see Fig.  4 ), it has been repeatedly observed. The dependences of DG/G on the conductance of the nanowire in NaClO 4 , KClO 4 and NaF are nearly identical ( Fig. 2a ), indicating a common origin in the potential induced conductance modulation.
In the double layer charging regime, potential can induce a number of changes that might be responsible for the observed conductance change. Examples of the changes include electron density, surface stress and work function. We find that the potential induced change in the work function provides a simple and natural explanation of the observed data. For a finite work function, electrons in the metal nanowire spill out into the vacuum (electrolyte) region ( Fig. 2c ), so the effective radius of the nanowire should be greater by an amount of the electron spill-out, given by [14] :
where h is the Planck constant, m and e are the electron (effective) mass and charge, respectively. It has been shown that the work function of a metal increases as the applied potential [15] . Consequently, an increase in the potential reduces the effective radius and thus the conductance of the nanowire, which explains the 1808 phase shift between the observed conductance modulation and the applied potential modulation. Using the work function (Â/2 eV at PZC) determined from the ab initio calculation, [16] , the model gives not only the correct order of magnitude but also the dependence of the conductance modulation on G (Fig. 2b) . The potential-induced conductance modulation (DG/ G) depends on the potential (Fig. 3 ). We observed Â/ 10% increase in NaClO 4 , KClO 4 and NaF electrolytes when increasing the potential from (/0.5 to '/0.5 V. This observation cannot be explained by the above model. We attribute the apparent discrepancy to the adsorption of anions at high potentials. In order to confirm the anionic adsorption effects, we have performed the measurement in electrolytes containing anions with different adsorption strengths to Au electrodes, which is discussed next.
Anionic adsorption
In order to find out if the conductance is still quantized in the presence of anionic adsorption, we determined the conductance histograms of nanowires formed in electrolytes containing different anions at various potentials. Fig. 4 is an example in 0.5 M NaF'/ 10 mM NaBr. At low potentials, it shows that peaks near the first three integer multiples of G 0 are well defined in the presence of Br ( . This is expected since no strong Br ( adsorption takes place on Au surfaces at these potentials. A small peak near Â/0.5 G 0 is also frequently observed at low potentials, which will be discussed later [17, 18] . As the potential increases, the adsorption increases and the peaks in the conductance histogram broaden. Despite of the broadening, we found that the conductance still changed stepwise in the individual conductance traces. The broadening is apparently due to the increasing occurrence of conductance steps at non-integer multiples of G 0 , which smears out the integer peaks. The evolutions of the conductance histograms for nanowires in Cl ( and I ( electrolytes are similar except that the smearing-out is less pronounced in Cl ( and more pronounced than in I ( , which correlates with the adsorption strengths of the anions.
We have studied the conductance modulation in the electrolytes containing F ( , Cl ( , Br ( and I ( at various potentials. At low potentials, we did not observe any difference in the conductance modulation between the electrolytes, which is consistent with the fact that no anionic adsorption takes place at very negative potentials. The potential-induced conductance modulation in the low potential regime is mainly due to the double layer charging effect discussed above. Increasing the potential, the conductance modulation increases with an amount that differs dramatically from one anion to another. This trend is demonstrated clearly in Fig. 5 , DG/G versus potential for nanowires with conductance near 1G 0 . For example, the change is only Â/10% from (/0.7 to '/0.8 V for the F ( electrolyte. In sharp contrast, it is as large as Â/300% in the electrolyte containing 10 mM I ( . The amount of change varies in the order of F ( B/Cl ( B/Br ( B/I ( , in good agreement with adsorption strengths of these anions. A decrease in the conductance of classical metal thin films due to anion adsorption has been observed in electrolytes containing F ( , Cl ( , Br ( and I ( [19 Á/24]. The systematic dependence of the induced conductance change on the anionic adsorption strength at high potentials leads us to believe that the anion adsorption does play a role in the potential-induced conductance change.
One possible mechanism for the anionic adsorptioninduced conductance change is the scattering of conduction electrons in the nanowires by the adsorbed anions on the surfaces of the nanowires [25, 26] . The scattering is expected because the electrons spill out of the metal into the double layer where the anions reside. Classical or semiclassical theories on the scattering of electrons by adsorbates and the dependence of the conductance on the scattering have been developed [27 Á/30] . For atomic-size wires, a calculation based on simple delta-function type of scattering centers was performed which showed a decrease in the conductance, similar to the classical wires [31] . A recent molecular dynamics simulation found that an adsorbate molecule can be incorporated into the metal wire, which demonstrates the importance of including individual atoms for a complete description of the adsorbateÁ/metal wire interaction [32] . While we have identified the scattering of conduction electrons by adsorbed ions as the main contribution for the measured conductance change, other mechanisms, such as shift in PZC upon specific anionic adsorption, may also have a contribution. Further studies will be needed for a complete understanding of the anionic adsorption onto atomic-scale wires.
Potential-induced surface stress
We have seen that peaks at fractional multiples of G 0 appear in the conductance histograms at very negative potentials. This peculiar behavior occurs in various electrolytes (containing ClO 4 ( , F ( , Na ' , K ' , Cl ( , Br ( , 2,2?bipyridine and adenine etc.). Our observations can be summarized as follows: (1) The repeated conductance measurements of gold nanowires under potential control contain traces with conductance steps near half multiples of G 0 . (2) The percentage of the traces with the fractional steps increases rapidly as the potential is lowered below (/0.5 V. (3) The fractional conductance steps are as well defined as those integer steps.
Given the pronounced peaks at multiples of 0.5G 0 , it is tempting to interpret the data in terms of a lift in spin degeneracy. However, this is unlikely because gold is nonmagnetic and the experiment was carried in the absence of external magnetic field. Furthermore, a successful model must also be able to explain the dependence of the fractional conductance on the potential. As we have already discussed, potential can induce a number of changes that may affect the conductance of the nanowires. We consider several possible explanations below.
To a first order approximation, the electrolyte is considered as a continuous medium, and the potential changes the charge and Fermi energy of the nanowire. This is analogous to the gate electrode potential in semiconductor devices, which changes the carrier density of the region underneath the gate electrode. A recent microscopic model [33, 34] has been developed to relate the conductance to the microscopic parameters of atoms at the nanowire. The model predicts a direct link between valence orbitals and the number of conduction channels in one-atom contacts, which has been confirmed by a recent experimental work for both mono- valent and multivalent atoms [2] . For monovalent metals, such as Au, Na and Ag, the theory predicts well-defined quantum steps at integer multiples of G 0 because of the existence of resonant states. The conductance through a resonant state is given by [35] 
where, E F is the Fermi energy level and o a is the position of the resonant state, D L and D R describe couplings between the atoms at the nanowire and the leads. The requirement of charge neutrality at the nanowire keeps the Fermi energy at the center of the resonant state or E F 0/o a , and results in a half-filled resonant state. G for the half-filled state is near G 0 even for a very asymmetric coupling (e.g. when D L /D R 0/2). Changing the potential, charge neutrality no longer holds and the Fermi energy level shifts away from the center of the resonance state, which leads to fractional conductance steps. This model provides an explanation of the fractional steps at negative potentials, but the question why the fractional steps occur near half multiples of G 0 remains to be answered. A more accurate picture must include the distribution of individual ions surrounding the nanowire as a function of the potential. At negative potentials, cations are expected to accumulate on the nanowire, and they may act as disorders to scatter the conduction electrons and thus change the conductance of the nanowire. The effect of disorders in the conductance quantization has been treated in a number of theoretical works [31, 36, 37] . de Heer et al. [38] have proposed that the elastic scattering of the electrons by the disorders in the nanowires can lead to an effective conductance of nmG 0 /(n'/m), where n and m are integers. However, the cations used in our studies are Na ' , K ' and H ' (H 3 O ' ), which should not interact strongly with the nanowires to change the conductance. In fact, anions at positive potentials adsorb more strongly onto the nanowires, which have shown to reduce the conductance via scattering the conduction electrons in the nanowires. Fig. 6 The conductance histogram analysis tells us the occurrence of the fractional conductance quantization, but it does not provide much information on how the potential changes the conductance quantization of each nanowire. In order to have better understanding of the fractional conductance quantization, we have measured the dependence of the conductance of each nanowire on the potential. We started the experiment by fabricating a nanowire with conductance quantized near 1G 0 (the lowest conductance step), and then monitored the conductance by sweeping the potential between two fixed values. When the potential is swept within a small potential window, a small linear dependence of the conductance on the potential was observed, which is consistent with double charging experiment described earlier. Increasing the potential window, the conductance often jumps abruptly to another step (Fig. 7a ). A typical conductance trace that shows both fractional and integer conductance steps. Fig. 7. (a) The conductance of Au wire jumps abruptly to Â/0.5G 0 when the potential is swept between (/0.6 V and '/0.6 V in 0.5 M NaClO 4 . After the potential returns to 0 V, the conductance has a tendency to recover the original value. (b) Histogram constructed by repeating the experiment 1000 times. It shows that the conductance usually jumps to a lower step (including zero when the wire is completely broken), but it may stay on the same step or jump to a higher step.
Although it may either jumps to higher conductance step or a lower step, the probability of jumping to a lower step is significantly higher. This tendency is illustrated clearly by the histogram in Fig. 7b .
Abrupt conductance changes in metallic nanowires have been observed and shown to be related to changes in atomic configurations of the nanowires [39] . We may therefore attribute the conductance jumps in our experiment to an potential induced surface stress that change the atomic configurations of the nanowires. For Au electrodes, a 0.1 V potential causes a surface stress change of Â/0.05 N/m, [40, 41] , which can change the surface atom packing structure or reconstruction. In the case of atomic-scale metal wires, every atom is a surface atom and the stress built up at negative potentials can trigger a rearrangement in the atomic configuration of the wire. The conductance of the wire with a new atomic configuration may have a conductance near the fractional multiples of G 0 , thus responsible for the fractional peaks in the conductance histograms. At positive potentials, potential-induced surface stress may also have an effect on the atomic configuration, but it accompanies anionic adsorption effects that broaden the conductance quantization peaks in the histograms. Because both fractional and integer steps reflect stable atomic configurations of the wires at a given potential, the potential-induced surface stress also explains why the fractional conductance steps are as well defined as the integer steps However, the question why the atomic configurations of the wires give rise to conductance step near 0.5G 0 remains to be answered.
Summary
We have studied double layer charging, anionic adsorption and electrochemical-induced surface stress effects on quantum transport in atomic-scale Au wires. We used electrolytes containing only weakly adsorbed ions to determine the double layer charging effects on the quantized conductance of the wires. In order to eliminate random noises in the measured conductance, we modulated the potential of the wires periodically. The induced conductance modulation has a phase shift that is always about 1808, meaning that the conductance decreases as the potential increases. For a small potential modulation (amplitude 5/0.5 V), the amplitude is about 0.55G 0 per V of potential modulation for a wire with conductance near the lowest quantum step. The induced conductance modulation effect is less for a wire with conductance at a higher step. We attribute the above observations to a potential controlled effective diameter of the wire. The effective diameter depends on how much electrons spill out the metal wire into the electrolyte side of the metal Á/electrolyte interface. Using a simple model calculation, we find that the above picture provides a semi-quantitative description of the experimental data. This experiment shows that we can control the quantized conductance of an atomic-scale metal wire with the potential, in a fashion of gate voltages in semiconductor devices.
Increasing the amplitude of the potential modulation above Â/0.5 V, the conductance often jumps abruptly to a lower conductance step, and the simple model becomes inadequate. The jumps are likely due to that atoms in the wire rearrange themselves as the surface stress changes by the potential. This potential-induced surface stress provides an explanation of the peaks at the fractional multiples of G 0 in the conductance histograms.
We have studied anion adsorption onto the atomicscale wire using electrolytes containing anions (F ( , Cl ( , Br ( and I ( ) with different adsorption strengths to Au. At very negative potentials, no substantial anion adsorption takes place and the induced conductance modulations are similar for all the electrolytes. Increasing the potential, the conductance modulation increases as anions adsorb on the wires. The dependence of the conductance change on the potential correlates well with the adsorption strengths of the anions, in the sequence of F ( B/Cl ( B/Br ( B/I ( , which is consistence with measurements performed on classical metal films. The significant decrease in the conductance upon anion adsorption is attributed to the scattering of the conduction electrons in the wires by the adsorbed anions. The scattering is expected because the electron cloud spills out of the metal into the double layer where the anions reside. The observations can be qualitatively described by the semiclassical theory developed for metal thin films. Because the metal wire is typical a few atoms long, enough to allow only a few ions to adsorb, the sensitive dependence of the conductance on the adsorption suggests a conductance method to detect a single or a few ions.
